High angular resolution VLBI observations of Centaurus A have been undertaken that allow access to a wide field-of-view, encompassing both the wellstudied pc-scale jet and the inner part of the kpc-scale jet. The VLBI observations have detected compact regions of synchrotron emission in the kpc-scale jet that coincide with three stationary features identified from previous VLA monitoring observations. Each of these stationary features is associated with strong localised X-ray emission. The VLBI results strengthen arguments made by previous authors suggesting that the stationary features may be the result of stellar objects or gas clouds traversing the jet flow, intercepting the jet and causing strong shocks. The VLBI data show that the most strongly shocked regions in these features are resolved but have extents no larger than a few pc, reducing the required mass of the typical intercepting object by a factor of ∼10 relative to previous estimates, making explanations based on high mass loss stars or low density gas clouds more plausible.
Introduction
Centaurus A, the Fanaroff-Riley type I radio galaxy hosted in the nearby galaxy NGC 5128, is the closest classical radio galaxy to us and has been the target of a number of high angular resolution investigations with a variety of instruments operating across the electromagnetic spectrum. For a general review, see Israel (1998) . As a nearby radio galaxy (3.84±0.35 Mpc; Rejkuba, M. (2004) ), high resolution studies of the active nucleus of the galaxy are of special interest, in order to probe as closely as possible to the 5.5 × 10 7 solar mass black hole (Cappellari et al. 2009) , with the aim of gaining insight into the processes giving rise to relativistic jets (1 mas ∼ 0.02 pc at 3.84 Mpc).
The active nucleus of Centaurus A has been the subject of comprehensive very long baseline interferometry (VLBI) observations, the highest angular resolution direct imaging technique in astronomy. In a series of studies, the structure and evolution of the sub-parsec-scale jet originating at the galaxy nucleus were explored (Horiuchi et al. 2006; Tingay & Murphy 2001; Tingay, Preston & Jauncey 2001; Fujisawa et al. 2000; Tingay et al. 1998; van Langevelde & Beasley 1998; Kellermann, Zensus & Cohen 1997; Jones et al. 1996) . These probes of the relativistic jet material close to its source have yielded information on the speed of flow of the material, the bipolar nature of the flow (a jet and counterjet), the size of the "core" of the radio source relative to the expected Schwarschild radius of the black hole, and the nature of the ionised and molecular environment of the active nucleus.
In recent years the VLBI technique has also been used to help determine the nature of the jets originating from active nuclei on the vastly larger kiloparsec scale. VLBI can be used to detect compact radio emission from shocks in radio galaxy jets after they have propagated large distances from the active nucleus. Recently, Tingay et al. (2008) have used VLBI observations to detect the compact shocked structures in the termination hot -4 -spot of the closest Fanaroff-Riley type II radio galaxy, Pictor A, providing the highest resolution view of a radio galaxy hot spot to date and providing new empirical evidence that leads to a more natural interpretation of the X-rays from the Pictor A hot spot than previously possible. Tingay et al. (2008) also review other examples of VLBI observations of radio galaxy termination hot spots.
In between the active nucleus and the termination hot spots in radio galaxies, the jet propagates large distances and it is supposed that brightness enhancements in the jets seen at arcsecond-scale resolution with instruments like the Very Large Array (VLA) are locally shocked regions, due to internal instabilities in the flow of material or due to interactions with ambient material external to the jet. These enhancements are typically of much lower brightness temperature than the radio emission observed from either the active nucleus or the termination hot spots. However, a sensitive VLBI search for compact structure in these shocked regions may be of great use in understanding the propagation of the jets and the processes by which they are shocked.
Here we describe such a search for compact structures in the kiloparsec-scale jet of Centaurus A. The jet on these scales has been very well studied with the VLA over a long period of time. Most recently, Hardcastle et al. (2003) combined a multi-epoch study of the kiloparsec-scale jet of Centaurus A with the VLA and new Chandra X-ray data. The proximity of Centaurus A is crucial in this study, as Centaurus A is the only radio galaxy for which the Chandra angular resolution is comparable to the energy-loss travel distance of the X-ray emitting electrons. Centaurus A is therefore an important case study for understanding jets from active galaxies and the Hardcastle et al. (2003) results reveal much about the dynamics of the jet on the kiloparsec-scale, based on radio and X-ray observations of the shocked regions of the jet. VLBI observations can add further information, by probing the conditions within the shocked regions at high resolution.
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In section 2 we present our VLBI observational data and imaging results. In section 3
we discuss the implications of our detection of compact structures in the shocked regions of the kiloparsec-scale jet, relating them to the previous results of Hardcastle et al. (2003) . The data were correlated with the DiFX Software Correlator (Deller et al. 2007) using an integration time of 2 seconds and 64 frequency channels across each 16 MHz band (channel widths of 0.25 MHz). The ATCA primary beam limits the field of view of this observation to a half width at half maximum (HWHM) of ∼ 47 ′′ . At the HWHM -6 -point, bandwidth smearing (a form of chromatic aberration) and time-averaging smearing (Cotton 1999; Bridle & Schwab 1999) losses are estimated to be approximately 5% and 4%, respectively.
LBA Data Reduction
The correlated data were imported into the AIPS 1 package for initial processing.
The data were fringe-fit (AIPS task FRING) using a one minute solution interval, finding independent solutions for each of the 16 MHz bands.
The nominal system temperatures applied for each antenna during correlation were refined by applying the antenna system temperatures measured throughout the observation.
Further refinement in the calibration was complicated by the complex jet structure of were transferred back to the unaveraged AIPS data set with cordump and the jet model components were subtracted from the calibrated data set (AIPS task UVSUB) to simplify detection of sources in the wider field.
To reduce non-coplanar effects (Perley 1999) , the visibilities were (u, v) shifted (AIPS task UVFIX) approximately 16 ′′ north-east of the nucleus so that the new phase center would coincide with bright knots observed with the VLA (Hardcastle et al. 2003) . Initial imaging of the knot region, using all baselines and uniform weighting, revealed no detections above a 6σ detection threshold suggesting that sources in this region were either extended, weak, or both. A second imaging attempt included only the shortest baselines (between Parkes, ATCA and Mopra) and natural weighting to improve sensitivity to larger scale structure. The lower resolution image revealed four detections above the 6σ threshold ( Figure 2 ) and achieved a one sigma rms noise of 0.25 mJy beam −1 . All images were produced for display using the KARMA software package (Gooch 1996) .
Results

Identification of Sources
A list of sources detected above the 6σ detection threshold of the short-baseline VLBI data is given in Table 1 . The 6σ threshold provides a conservative false detection rate of less than one in 3000. Flux density errors of ±10% are expected due to uncertainties in the absolute flux density scale for Southern Hemisphere VLBI (Reynolds 1994 Figure 2 shows the detection of the weak but compact radio sources listed in Table 1 .
An overlay of the Hardcastle et al. (2003) image and our VLBI image (Figure 3) shows that the weak, compact radio sources coincide with features A1A (resolved into subcomponents we designate A1Aa and A1Ab), A1C and A2A (resolved into subcomponents we designate A2Aa and A2Ab). These compact sources are each better than seven times the RMS noise level in the VLBI image of 0.25 mJy/beam and are therefore detected with good confidence.
On the basis of the VLA flux densities presented in Hardcastle et al. (2003) , one other component may have been expected to be detected, A1B. A1B was not detected in our VLBI data.
Discussion
Hardcastle et al. (2003) examine a number of different possibilities for the nature of the discrete features in the jet of Centaurus A, detected at both radio and X-ray wavelengths.
We examine the new VLBI imaging results in the light of these possibilities. 
(Lenc & Tingay 2009). While very few supernova remnants seen in other galaxies
can be resolved into a shell morphology, some clearly are. The fact that the compact sources detected in Figure 2 do not exhibit shell morphologies is not necessarily evidence against them as supernova remnants. The evidence against these sources being supernova remnants, as argued by Hardcastle et al. (2003) , is that the X-ray emission associated with these radio components is apparently non-thermal.
Hardcastle et al. (2003) From our VLBI observations we find that we detect compact radio emission from the VLA features A1A, A1C and A2A. From the Hardcastle et al. (2003) Chandra data, these features correspond to AX1A, AX1C and AX2. These are all significant X-ray sources and all have radio counterparts in the VLA image that are stationary. The VLBI data now show that these three features have radio emission compact on parsec scales. Simply on the basis of the VLA radio flux densities as a predictor of compact emission on VLBI scales, one other compact radio component may have been expected to be detected with VLBI, along with A1A, A1C and A2A, that is A1B. A1B was not detected with VLBI, although it is of comparable strength and size to the other three on VLA scales. A1B is the only feature of the four that has a large apparent motion away from the nucleus. The proposition of Hardcastle et al. (2003) that the stationary features in the Centaurus A jet represent stationary shocks is strengthened by our VLBI results that show compact radio structures associated with these stationary features.
The sizes of the compact radio sources detected with VLBI are all less than ∼6 pc (typical size of ∼2 -3 pc), significantly less than the 10 pc assumed by Hardcastle et al. (2003) when calculating the properties of the objects that could possibly explain the presence of the stationary shocks. The sizes of the sub-structures seen in the A1Aa and A1Ab components at VLBI resolution are consistent with the sizes inferred from ∼10% -11 -flux density variability over a decade detected in the VLA data (Hardcastle et al. 2003) .
We note that due to sensitivity and surface brightness sensitivity limitations with the VLBI data, weaker and/or more extended emission could be associated with the compact components, the structure in the VLBI images perhaps representing the core of the shocked region. However, the primary interactions in the shocked regions are likely to be of order only a few pc in extent. Taking This reduction in the required mass of the obstacle, from at least a few solar masses to substantially less than one solar mass, relaxes some of the extreme characteristics required by Hardcastle et al. (2003) when discussing obstacles based on high mass loss stars and low density gas clouds
The possibility that the stationary shocked regions could be due to gas clouds intercepting the jet is a scenario that has been studied by a number of authors using numerical simulations. Recently Jeyakumar (2009) A comprehensive recent study of jet interactions with stationary clouds by Choi, Witta & Ryu (2007) shows that compact synchrotron emission can be generated -12 -from these types of interactions. Again, qualitatively, the compact synchrotron-emitting structures seen in the numerical simulations appear similar to those observed with VLBI, in particular components A1Aa/b and A2Aa/b in Figure 2 that show a bright compact feature and a weaker and more extended trailing feature.
Conclusions
We have made the first VLBI images of pc-scale structures in the kpc-scale jet of that the stationary components in the jet may be due to moving stellar objects or gas clouds intersecting the jet flow and causing strong shocks. Size estimates for the shocked regions suggest extents of order a few pc, smaller than previously assumed and consistent with observed flux density variability, leading to approximately an order of magnitude reduction in the required mass for the obstacles. This reduction relaxes some of the extreme constraints on the inferred properties of high mass loss stars and low density gas clouds suggested as providing plausible obstacles. A repeat of these VLBI observations at a later date will put limits on proper motions for the detected pc-scale components in the kpc-scale jet of Centaurus A, allowing further study of their properties. overlaid with a naturally-weighted 2.3 GHz LBA contour map (black contours) to show the locations of the compact sources detected within the jet and knot features.
